3 response of highly defective nanotube networks was mainly modulated by change in the nanotube resistance. 18 As a result of the interest in maintaining relative high conductance, selectivity is generally introduced into SWCNT-based sensors through non-covalent modification as opposed to covalent sidewall functionalization. Specifically disruptions in the π-system on the nanotube surface can give resistance increases by 3 orders of magnitude, 19 and differential functionalzation leads to large batch to batch variance in conductance and an increased background resistance that limits sensitivity. Although non-covalent functionalization methods can generate selectivity, they generally do not result in sensors that are sufficiently robust for harsh environment applications. With the goal of harnessing covalent modification of CNT sidewalls as a means to create a diverse array of robust sensors, we have decided to create chemiresistors having MWCNTs as the conductive element. The reasons for picking MWCNTs is that the dominance of the functionalization will be restricted to the outer most graphene wall and thereby the inner tubes will continue to be highly conductive. As a result we envision a chemiresistor where the MWCNT nanowires are made to have "functional insulation" about them and selective binding of analytes to the insulation will cause changes in the bulk conductance by modifying the inter-nanotube resistance. In addition, polymer-carbon black conductive composites have also been widely explored for resistance based array sensing by swelling of the percolating network, and have achieved good sensitivity and selectivity. 20, 21 In these systems the dispersion depends on the compatibility of carbon black and the polymer matrix, and melt-mixing followed by extrusion can be required to avoid excessive aggregation of carbon black. 22 In contract, our bottom-up approach uses surface modification of MWCNTS, and room temperature solution processes provide stable nanotube dispersions ("inks") for device construction.
4
To install a range of surface bound functional groups we have made use of a recently developed efficient modular functionalization method that can be applied to CNTs and fullerenes. 23, 24 The key reaction is initiated by a zwitterionic complex between 4dimethylaminopyridine (DMAP) and disubstituted acetylenedicarboxylates (Scheme 1). The functionalization density can be as high as one incorporated functional group per nine carbons for SWCNTs and one per thirty-eight carbons for multi-walled CNTs (MWCNTs). This approach allows for functionalization to create a diversity of sensory materials through modular nucleophilic substitution reactions of added alcohols with reactive pyridinium intermediates and transformations of reactive functional groups introduced by this method (Scheme 1). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In this contribution we report a proof-of-concept sensing scheme using covalently functionalized MWCNTs to provide clear classification of VOCs based on functional group identification. We functionalized MWCNTs with a series of molecular recognition elements with differential binding abilities via zwitterionic functionalization and post-transformation synthetic strategies. We demonstrate that the functionalized MWCNT sensor array has a dramatically enhanced sensing response to a variety of VOCs compared to pristine MWCNTs.
The incorporation of molecular recognition elements has created a distinct response pattern for 6 each of the chemicals investigated. Principal component analysis and linear discriminant analysis of the sensing data yielded a clear separation of the VOCs by their chemical families.
Design of the Sensor Array
The methodology for the array sensing is summarized in Figure 1 . Initially, we observe the real time response of sidewall modified MWCNT sensor elements to selected VOCs. The obtained responses are then subjected to statistical treatments according to which analytes are then identified. Compared with individual sensors, array sensors have the advantages of responding to a wider range of analytes, improving selectivity, and identifying rather than only detecting a particular analyte. 25, 21 Array sensing using multiple receptors and pattern recognition process is very similar to the mammalian olfactory system and such devices have been referred to as "electronic noses" or "e-noses". 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 1 summarizes twenty VOCs selected as the test analytes. Each analyte has different chemical characteristics and different saturated vapor pressures. Unlike many highly reactive toxic gases which can be selectively detected on the basis of their strong chemical interactions such as Lewis acid-base, Brønsted acid-base or redox reactions, we chose to focus on VOCs that are relatively inert and are in principle more difficult to detect and identify. 26 As a proof of concept, we selectively detected them in order to demonstrate the advantages of incorporating diverse receptors/functionality in a sensor array. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As detailed earlier, we chose MWCNTs as a chemiresistor material because, like SWCNTs, they can provide a rapid response to analytes, good reproducibility, and good reversibility. Additionally, the inner tubes in MWCNTs can maintain their electronic properties with high densities of covalent functionalization whereas similar modifications 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 destroy the electronic structure of SWCNTs. 28 An additional issue with SWCNTs is their sensitivity to humidity changes. 29, 30 The recognition groups in our sensor array are designed to provide a variety of noncovalent interactions with the VOCs' functional groups. Grate has developed a linear solvation energy relationship (LSER) approach to quantify the VOC sorption with the contributing interactions. 31 These interactions include hydrogen bonding, dipole-dipole interactions, polarizability, and hydrocarbon dispersion interactions. Figure 2 summarizes the strategic design of recognition groups according to these interactions and targeted analytes for each case.
Page 7 of 44

ACS Paragon Plus Environment
Journal of the American Chemical Society
For hydrogen bonding we have employed the hexafluoroisopropanol (HFIP) group which can maximize hydrogen bonding by its acidic hydroxyl group (pKa 9~10, similar to phenols). 32, 33 We also included a carboxylic acid group in our sensors. Together these two groups are targeted to hydrogen bond accepting vapors such as ethers and ketones. For hydrogen bonding basicity, we selected a readily available amide and crown-ether group, which provides high polarity and a pre-organized basic site. This element is targeted to interact with hydroxylcontaining vapors such as alcohols and acids. The acetylenedicarboxylate ester adducts obtained from the initial zwitterionic functionalization are both polar and hydrogen bond accepting, and are thereby expected to interact strongly with vapors with large dipoles.
Calix[4]arenes have a highly polarizable pocket which favors the adsorption of aromatic and chlorinated hydrocarbons. Long-chain dodecyl groups favor dispersion interactions (a balance between the exoergic process and the endoergic cost by entropy change) with aliphatic hydrocarbons.
Page 9 of 44 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 Figure 2 . Selected recognition groups for differential interactions with targeted analytes.
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Synthesis of Functionalized MWCNTs
The syntheses of sidewall functionalized MWCNTs are summarized in Scheme 2-5.
Propargyl or allyl groups were initially introduced on to MWCNTs under mild zwitterionic reaction conditions (THF, 60 o C) by first reacting with dipropargyl or diallyl acetylenedicarboxylate and DMAP, followed by the respective addition of excess propargyl-or allyl-alcohol to yield propargyl-MWCNT 1 and allyl-MWCNT 2 (Scheme 2). 23, 24 Page 10 of 44
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Journal of the American Chemical Society We have further functionalized 1 and 2 by three methods: 1,3-dipolar cycloaddition, thiol-ene addition, and olefin cross-metathesis reactions. The 1,3-dipolar cycloaddition and thiol-ene addition chemistry feature high yields and virtually no side products and are widely utilized to modify polymers, nanoscale materials, and biological materials. 34, 35 Olefin metathesis reactions, catalyzed by the Grubbs ruthenium catalysts, are another important route to introduce diversity, as these reactions generally proceed in good yields and with high functional group tolerance. 36, 37 Page 11 of 44
Journal of the American Chemical Society In the thiol-ene addition strategy, the vinyl group on allyl-MWCNT 2 was reacted with 1-dodecylthiol or thioglycolic acid under inert atmosphere with UV irradiation and 2,2dimethoxy-2-phenylacetophenone as a photoinitiator (Scheme 4). 35, 38 These thiol-ene addition processes lead to the formation of thiochain-MWCNT 4 with pendant dodecyl chains and thioacid-MWCNT 5 with pendant carboxylic acid groups. 
Characterization
Previous transmission electron microscopy (TEM) studies have revealed that the functionalization doesn't result in gross structural changes of the CNTs. 24 The Raman spectra of pristine MWCNTs, propargyl-MWCNTs 1 and allyl-MWCNTs 2 are compared in Figure 3 .
Two characteristic bands around 1330 cm -1 (D band) and 1580 cm -1 (G band) are immediately noticed. The D band reflects the structural disorder from defects or amorphous carbons, while the G band is associated with the tangential in-plane stretching vibration of the sp 2 carbon lattice. In contrast to SWCNTs, MWCNTs show an additional Raman band D' at around 1610 cm -1 , which is induced by disorder, defects, or ion intercalation between graphitic walls. 39, 40 Page 14 of 44 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The three spectra could be fit with two Lorentzian peaks for the D and G bands, and with a Gaussian peak for the D' band. 41, 42 The ratio of the intensity between D and G band increased from 1.7 for pristine MWCNTs to 1.9 and 2.3 for propargyl-MWCNTs 1 and allyl-MWCNTs 2, respectively; while the ratio of intensity between D' and G band remained the same (0.3) for all three samples. These results indicate that the zwitterionic functionalization reaction largely introduced covalent functionalization onto the MWCNT outer most graphene surface, with minimal perturbations to the inner tubes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Although Raman spectroscopy gives evidence on the surface functionalization of nanotubes, Fourier transform infrared (FT-IR) spectroscopy reveals important chemical information regarding the incorporated functional groups. 43 As shown in Figure 4 , all the functionalized MWCNTs have strong adsorption bands at 1730 cm -1 due to the C=O stretching of the carbonyl group and bands at 1230 and 1020 cm -1 assigned to the C-O stretching of the vinyl alkyl ether and ester groups.
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These features are consistent with the acetylenedicarboxylate diester adduct structure. All of the spectra of the functionalized MWCNTs were normalized according to the 1730 cm -1 peak. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The propargyl-MWCNT 1 displays three characteristic absorption bands at 3285, 2130
and 668 cm -1 , corresponding to the terminal ≡C-H stretching, the C≡C stretching and the -C≡CH bending of the propargyl group, respectively. After the 1,3-dipolar cycloaddition reaction these three prominent bands completely disappear with concomitant enhanced peaks within the 3000-2800 cm -1 region as a result of the C-H stretching in the dodecyl groups, and a new peak appearing at 3130 cm -1 associated with the C-H stretching in the 1,2,3-triazole groups. This result indicates that the 1,3-dipolar cycloaddition reaction proceeded in high yield to produce 3.
Allyl-MWCNT 2 showed characteristic absorption bands of vinyl groups at 3087 and 921 cm -1 , corresponding to the =CH 2 stretching and the CH 2 out-of-plane wagging, respectively. After the thiol-ene addition, both bands of the allyl group had significantly decreased compared to the C=O stretching in the carbonyl group and the C-O stretching bands, indicating that the vinyl group has in large part undergone the proposed addition reaction.
Importantly, the thioacid-MWCNT 5 became soluble in 0.1M NaOH, and after base treatment 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 showed a new peak at around 1170 cm -1 , corresponding to the C-F stretching in the HFIP group. The crown-MWCNT 8 showed a series of interesting bands: two peaks at 1660 and 1548 cm -1 due to the C=O stretching and C-O stretching in the amide group, three peaks at 1610, 1510 and 1456 cm -1 due to the aromatic ring stretching of the benzene ring, and a peak at 1125 cm -1 due to the C-O-C three-centered stretching modes of the crown ether. The calix-MWCNT 7 showed the appearance of two new peaks at 1580 and 1542 cm -1 due to the aromatic ring stretching and a significant increase in the absorptions between 3000 and 2800 cm -1 due to the increased C-H stretching from the added t-butyl groups.
To obtain semi-quantitative assessment of the degree of functionalization and composition of the modified MWCNTs we have employed X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA). The XPS spectra ( Figure 5 ) were normalized to the C 1s peak at 532 eV. In the TGA experiment ( Figure 6 ), pristine MWCNTs cleaned in the same fashion as the functionalized MWCNTs were used as a standard. The weight loss data are obtained from subtracting the weight loss of the pristine MWCNTs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 100 carbon atoms. This high functionalization density indicated that the 1,3-dipolar cycloaddition chemistry is effectively quantitative on propargyl-MWCNTs 1, which was consistent with our FT-IR observations. Important information on the elemental composition of other samples was also obtained from XPS. We noticed that the functionalization reaction led to quite different oxygennitrogen ratios in each sample. We also observed sulfur 2s and 2p peaks (at 229 and 165 eV, respectively) in thioacid-MWCNTs 5 and thiochain-MWCNTs 4, a fluorine 1s peak at 687 eV in HFIP-MWCNTs 6, and a nitrogen 1s peak at 400 eV in crown-MWCNTs 8. Table 2 summarizes the functionalization density data calculated from the XPS elemental ratio and from the TGA curves. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Morphology and Dispersibility
The scanning electron microscope (SEM) images of functionalized MWCNTs are shown in Figure 7 . As a comparison, pristine MWCNT were ultra-sonicated and cleaned in the same fashion as the functionalized MWCNTs and were used as a standard, ruling out the effect of ultra-sonication and solvent washing. Analysis of these images confirmed that the functionalization process greatly reduced the size of the bundles of pristine MWCNTs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of 30-60 nm measured with a profiler. The initial resistances for the MWCNT chemiresistors were in the range of 0.2 to 0.5 MΩ.
Sensory Responses of Functionalized MWCNTs to VOCs
We investigated the sensory response by measuring the relative conductance change 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the adsorption of analytes onto the exterior surfaces of the MWCNT network and the subsequent change of the inter-tube (junction) resistance. This mechanism is similar to that of polymer/carbon-black network. The difference between this MWCNT network and carbon black network is that our MWCNT sensor is based on molecular level dispersion/modification of surfaces, while carbon black conductive network is based on macroscale dispersion. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 MWCNT 6 sensor also showed a decreased response to all other VOCs. This latter property is attributed to the non-favorable interactions between the HFIP's fluorocarbon groups and the hydrocarbon-containing VOCs. As a second example, the thiochain-MWCNT 4 sensor had a larger response to hydrocarbons with relatively low polarity such as aliphatic, aromatic and chlorinated hydrocarbons. This is most likely due to the favorable dispersion interactions with the aliphatic recognition groups. Similar responses were observed for alkyltriazole-MWCNTs
3.
We noticed the enhanced responses of thiochain-MWCNTs 4 to almost all of the VOCs, which is possibly due to its very high functionalization density (5.6 dodecyl groups per 100
MWCNT carbon atoms by TGA).
Statistical Analysis
To explore the capabilities of our sensor array to identify specific vapors, we subjected 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The fact that both octanol and dihexyl ether have long aliphatic chains explains why their results also border the aliphatic hydrocarbon group. Although the ethers and the ketones are very clearly separated from other VOCs, it is difficult to distinguish them from each other because of their similar chemical properties. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 We also explored the discrimination capability of our sensor with linear discriminant analysis (LDA). 44 LDA is a supervised statistical technique which utilizes data from known groups to identify which group a new object belongs to. It is based on the linear discriminant function (LDF), which is a linear combination of the original variables that maximizes the ratio of between-class variance and within-class variance. Specifically, we applied a crossvalidation (leave-one-out) routine to compensate for an optimistic apparent error rate. This method calculates the LDF with one observation omitted sequentially and then classifies the omitted observation with the LDF. After this procedure is repeated for each observation the success rate is calculated. In our case, the 60 training observations (20 VOCs, 3 trials for each)
were separated into the same 5 groups utilized in the PCA classification. As shown in Table 3 , the cross-validation routine LDA demonstrated 100 % accuracy for all the 60 trials. This result, together with the successful PCA analysis, verified the excellent selectivity of our sensor array. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Proportion 1.00 1.00 1.00 1.00 1.00 N = 60 N Correct = 60 Proportion Correct = 1.000
Table 3. Summary of Classification with Cross-validation.
True Group Put-into-Group
Humidity Response
Environmental humidity is always a concern for nanotube based sensors. As shown in 
Conclusions
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Materials.
All chemicals were of reagent grade from Sigma-Aldrich, Alfa Aesar or Acros and used as received. All solvents were of spectroscopic grade unless otherwise noted.
Dimethylformamide was stirred over CaH 2 and distilled thereafter. Anhydrous tetrahydrofuran and dichloromethane were obtained from J. T. Baker and purified by passing through a Glasscontour 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 All synthetic manipulations were carried out under an argon atmosphere using standard Schlenk techniques unless otherwise noted. Glassware was oven-baked and cooled under N 2 atmosphere. Analyte of specific concentration and relative humidity was generated with a KIN-TEK gas 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 spectra, Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Synthesis of Allyl-MWCNTs 2.
A Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Synthesis of alkyltriazole-MWCNTs 3.
To a 10 mL Schlenk flask was added propargyl-MWCNTs 1 (10 mg) and CuI (38 mg, 0.2 mmol), followed by sequentially vacuuming and refilling with argon three times. Then 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dodecyl azide (0.22 g, 1 mmol), diisopropylethylamine (2 mL) and dimethylformamide (2 mL) were added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring at 90 o C for 24 h. The reaction mixture was cooled to room temperature, and washed with ammonium hydroxide for five times to remove copper. Interestingly, the MWCNTs were well dispersed in the diisopropylethylamine phase during the washing process, so a 25 mL separation funnel was used to collect the diisopropylethylamine phase. The dispersion was further washed with water three times to remove residue ammonium hydroxide.
The dispersion was added to methanol and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities. The alkyltriazole-MWCNTs 3 were dried under vacuum overnight. See Figure 3 for Raman spectra, Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Synthesis of thiochain-MWCNTs 4.
To a 10 mL Schlenk flask was added allyl-MWCNTs 2 (10 mg) and 2,2-dimethoxy-2phenylacetophenone (DMPA) (26 mg, 0.1 mmol), followed by sequentially vacuuming and refilling with argon three times. Then n-dodecylthiol (0.40 g, 2 mmol) and tetrahydrofuran (2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring under UV irradiation at room temperature for 24 h. The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities. The thiochain-MWCNTs 4 were dried under vacuum overnight. See Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Synthesis of thioacid-MWCNTs 5.
To a 10 mL Schlenk flask was added allyl-MWCNTs 2 (10 mg) and 2,2-dimethoxy-2phenylacetophenone (DMPA) (26 mg, 0.1 mmol), followed by sequentially vacuuming and refilling with argon three times. Then thioglycolic acid (0.18 g, 2 mmol) and tetrahydrofuran (2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring under UV irradiation at room temperature for 24 h. The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities. The thioacid-MWCNTs 5 were dried under vacuum overnight. See Figure   4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure   7 for SEM image.
Synthesis of HFIP-MWCNTs 6.
To a 10 mL Schlenk flask was added allyl-MWCNTs 2 (10 mg) and Grubbs second generation ruthenium catalyst (8 mg, 0.01 mmol), followed by sequentially evacuating and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 refilling with argon three times. Then 2-allyl-hexafluoroisopropanol (0.4 g, 2 mmol) and dichloromethane (2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring at 40 o C for 48 h. The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities.
The HFIP-MWCNTs 6 were dried under vacuum overnight. See Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Synthesis of Calix-MWCNTs 7.
To a 10 mL Schlenk flask was added allyl-MWCNTs 2 (10 mg), Grubbs second generation ruthenium catalyst (8 mg, 0.01 mmol) and 5,11,17,23-Tetrakis(t-butyl)-25-allyl-26,27,28-tripropyl-calix[4]arene (0.16 g, 0.2 mmol) followed by sequentially evacuating and refilling with argon three times. Then dichloromethane (2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring at 40 o C for 48 h.
The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min.
The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities. The calix-MWCNTs 7 were dried under vacuum overnight. See 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Synthesis of Crown-MWCNTs 8.
To a 10 mL Schlenk flask was added allyl-MWCNTs 2 (10 mg), Grubbs second generation ruthenium catalyst (8 mg, 0.01 mmol) and 4-acryloylamidobenzo-15-crown-5 (0.14 g, 0.4 mmol) followed by sequentially evacuating and refilling with argon three times. Then dichloromethane (2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by stirring at 40 o C for 48 h. The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same dispersion, centrifugation, and supernatant separation sequence was repeated five times with acetone to remove impurities.
The crown-MWCNTs 8 were dried under vacuum overnight. See Figure 4 for FT-IR spectra, Figure 5 for XPS spectra, Figure 6 for TGA weight loss curve, and Figure 7 for SEM image.
Device Fabrication.
The glass substrates were cleaned by sonication in acetone/isopropanol/water successively and followed by cleaning with oxygen plasma for 5 min. Two gold strip electrodes (50 nm thick, 2 mm spacing) were sputter-coated, and MWCNT dispersions were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Device measurement.
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